For many diseases, treatment is more effective in the early stage of a disease; hence detection of the early signs of a disease is highly significant. Biomechanical motion can be such an early indicator. This paper proposes a novel method for monitoring biomechanical motion based on electromagnetic sensing techniques. The proposed method has the advantages of being non-invasive, easy to perform, of low cost, and highly effective. Theoretical models are set up to model the sensor responses and wearable sensor systems are designed. Experiments are performed to monitor various biomechanical movements, including eye blinking frequency, finger/wrist bending level and frequency. From experiments, both the fast blinking behavior with an average frequency of ∼1.1 Hz and the slow blinking behavior with an average frequency of 0.4 Hz can be monitored; various finger-bending status are identified, such as the fast finger-bending with an average frequency of ∼1.5 Hz and the slow finger-bending with an average frequency of ∼1/6 Hz. Both simulations and measurement results indicate that the proposed electromagnetic sensing method can be used for biomechanical movement detection and the system has the advantages of being easy to put on / take off, and without the need for direct contact between sensors and human body.
behaviour, such as tremor and rigidity, could be a medical sign of alcohol intoxication, hypokinesia, hyperthyroidism, hepatic disease, and even parkinsonian syndrome, etc. [8] [9] [10] [11] [12] [13] . Since treatment is more effective in the early stage of diseases, detection of the early sign of these abnormal biomechanical behaviours is highly significant, hence portable and convenient detection techniques are vital.
On the other hand, some biomechanical or in general biomedical signals can be used as a mean to communicate between human and electrical devices. Human-machine interfaces (HMIs), a communication method between a human and an external device to turn a virtual thought into realistic action, have drawn increasing attention among researchers. HMIs, which utilizes biomechanical / biomedical signals to express emotions or control external devices, have advantages of "hands-free" [14] , [15] . And hence, HMIs are especially helpful for patients suffering from motor disorders. Accurate detection of biomechanical / biomedical signals is the base for the next stage, such as expression and control. Frequently used biomedical signals include electroencephalogram (EEG), electrooculogram (EOG), electrocorticogram (ECG), and electromyogram (EMG) signals [16] [17] [18] [19] [20] [21] [22] [23] . All of these biomedical signals have their specific applications and have their individual advantages and disadvantages. Briefly, ECG is a highly informative and diagnostic method, and easy to perform. EEG is a low cost and readily repeatable method but suffers from low spatial resolution and poor signal-noise ratio (SNR). EMG is to detect the electric potential by muscle cells but commonly requires the needle electrodes to be inserted into the muscle tissue and suffers from disturbance.
In this paper, a novel method for biomechanical movement detection is proposed. The proposed method is based on electromagnetic (EM) sensing techniques to detect biomechanical movements, such as eye blinking frequency (eye-blink rate detection is useful for fatigue determination [24] , [25] , wrist/finger bending level and frequency (bending monitoring is useful for tremor and rigidity determination). More specifically, by attaching the EM sensor to daily wearable articles (such as false eyelashes and gloves), the relative mechanical movement between eyelids/joints can be monitored through monitoring the relative movement between the attached EM sensors, which leads to a change in mutual impedance /inductance signal between the EM sensors. Although EM sensors have been widely used in industries, they are also increasingly being used biomedical field [26] [27] [28] . The proposed methodology and the developed devices have the benefit of being noninvasive, easy to perform, of low cost and effective. Several methods can be used for biomechanical movement monitoring as well, such as infrared radiation (IR) illumination method, scleral search coil method, and optical fibre sensor, etc. Scleral search coil method is one of the precise measurement techniques but suffers from direct contact between contact lens and corneas due to its invasive nature. It is not possible to wear contact lens with coils on for a long time, and hence scleral search coil is only limited to short-term monitoring eye movement. However, using EM sensing to monitor eye movement, due to its non-contact nature, makes long-term monitoring possible [29] . IR illumination is significantly affected by the external light source, which makes it not very stable compared to the proposed EM method [30] . EOG is a non-invasive and inexpensive method but the measurement accuracy strongly depends on skin conditions and luminous, etc. Hence it suffers from a lack of accuracy at the extremes [20] . For bending movement, optical fibre sensor can be used, but it is easily affected by environmental parameters, such as thermal and acoustic vibration interference [31] .
Detection principle and related theoretical models are introduced in Section II. Experiments are carried out to validate the effectiveness of the proposed method as an alternative method for biomechanical signal detection shown in Section III. Finally, conclusions and discussion are presented.
II. EM DETECTION PRINCIPLE, MODELS AND SIMULATIONS

A. EM Sensing Background
Maxwell equations, which include Gauss's law for electric fields, Gauss's law for magnetic fields, Faraday's law, and Ampere-Maxwell law, are a series of partial differential equations to describe the electromagnetic sensing related phenomena [32] . Gauss's law for electric fields (Equation 1) relates the electrostatic field to the charge distribution that generates it [32] , [33] . Gauss's law for magnetic fields (Equation 2) states the total magnetic flux passing through any closed surface is zero [34] . Faraday's law (Equation 3) describes that the time varying magnetic field generates an electric field [32] . Ampere-Maxwell law (Equation 4), known as Ampere's law with Maxwell's addition as well, states that the magnetic field can be generated either by the electric current or the time varying electric fields [32] .
where E is the electric field, ρ is the charge density, ε 0 is the electric permittivity of free space, B is the magnetic field, μ 0 is the permeability of free space and J is the electric current density.
The proposed method is based on monitoring the change in mutual impedance/inductance from the EM sensors due to the variation of their relative spatial position. Dodd and Deeds have presented the analytical solutions to the mutual impedance calculation for two circular coils (excitation coil and detection coil) as shown in [35] . Two co-axially symmetric models were introduced in [35] , from which the model with coils placed above layered conductor planes were used in this work. The governing equations for electromagnetic sensing phenomena are shown in equations (5) to (7) , from which the Equation (5) shows the vector potential generated by a driving coil, Equation (6) presents the induced voltage calculation of the receiving coil, and Equation (7) shows the mutual impedance calculation between the driving coil and the receiving coil.
where A is the magnetic vector potential, μ, σ and ε are the permeability, conductivity and permittivity of the material respectively, i t is the current density applied to the driving coil, ω is the angular frequency of the applied alternating current, V r is the induced voltage on the receiving coil, S and n are the cross section and the turn of the receiving coil respectively, I t is the current applied to the driving coil, and Z is the mutual impedance between two coils. Two co-axially symmetric circular coils (symmetry with z direction) placed above a layered conductor are shown in Fig. 1 , from which 'T' denotes the cross-section of the driving coil and 'R' denotes the cross-section of the receiving coil. The final analytical solution for the impedance calculation is shown in Equation (8), which indicates that the mutual impedance is related to the location, dimension and turn of the coil, the property of the test material, and the driving frequency, etc.
where l 1 t , l 2 t , r 1 t and r 2 t define the location and the dimension of the driving coil, l 1 r , l 2 r , r 1 r and r 2 r define the location and the dimension of the receiving coil, n and n are the turn number of the driving coil and the receiving coil respectively,r is the mean radius of the coil, α is the integrated factor, c is the thickness of the 1 st layer conductor, σ i means the conductivity of the i th conductor.
B. Biomechanical Movement Modeling
This study aims to detect the biomechanical movement, including eye blinking frequency, finger bending level and frequency, wrist bending level and frequency. The separate EM sensors are attached to the wearable articles, such as false eyelashes and gloves, etc., and the related biomechanical signals are detected through monitoring the relative movement between separate EM sensors. To validate the feasibility of the study, some simulations based on the analytical models were carried out.
The first simulation study is to model co-axial movement between two EM coils; this simulation study is to verify that the relative movement between two circular coils can generate varies mutual impedance signal, which is the foundation for the proposed method using EM sensors to monitoring biomechanical signal. The modelling setup is shown in Fig. 2 ; two identical coils, one for excitation and the other one for detection, are placed co-axial with a varying centre-to-centre distance. Fix one of the circular coils, and move another one gradually, and calculate the mutual impedance at each movement step. The two circular coils used have identical parameters; the outer radius is 0.25 mm, the inner radius is 0.1575 mm, and the height is 1 mm; the coil parameters in modelling are the same with those used in experiments. The centre-to-center distance between these two coils is originally 1.1 mm, and increases to 11.1 with a step of 0.1 mm. After that, the centre-to-centre distance decreases to 1.1 mm with a step of 0.1 mm. This progress was repeated several times. Since the height of the coils is 1mm, hence the gap between Tx and Rx is from 0.1 mm to 10 mm with a step of 0.1 mm. At each step, the mutual impedance is recorded. The excitation coil carries an alternating current with an amplitude of 1 A and the frequency used is 100 kHz.
For the case without conductor included (α = α 1 = α 2 ), Equation (8) becomes,
Based on Equation (10), the mutual impedance of EM coils in air can be obtained.The calculation results of mutual impedance for arc-path movement are shown in Fig. 3 . For this simulation setup, the mutual impedance signal is mainly changed within the gap of 2 mm between the transmitter and the receiver, beyond which the mutual impedance signal fluctuates around 0. From Fig. 3 , the mutual impedance signal arrives to peak when the gap between the EM sensors is smallest, which is 0.1 mm in this work. On the other hand, the amplitude of the mutual impedance decays along the centre-to-centre distance between EM coils. In addition, by counting the peak number, the frequency of the EM sensors moved can be obtained. Therefore, the mutual impedance can be used as an indicator for the relative movement detection.
For biomechanical movement behaviours, such as eye blinking, finger bending, etc., the relative movement between eye lids ( Fig. 4 (a) ) or joints is slightly complicated, instead of the simple co-axial movement. Another simulation study was carried out to validate the relative movement along an arcpath will have an effect on the mutual impedance signals as well. The moving path is shown in Fig. 4 (b) ; the excitation coil (Tx) is fixed, and the detection coil (Rx) is moved along one quarter circle, which means the detection coil is moved from 0 • to 90 • if defining the position of two coils co-axial is 90 • . The other setup parameters, including the excitation frequency and driven current amplitude, etc., are the same with the one used in the co-axial simulation. The induced voltage is obtained from the integral of the vector potential over the volume of the whole receiver, and the impedance between the transmitter and receiver is computed from the induced voltage on the receiver coil when excited by the current in the transmitter.
The calculation results of mutual impedance for arc-path movement are shown in Fig. 5 . The mutual signal is mainly changed when the detection coil is moved between 70 • to 90 • . These figures indicate, even though the EM sensors are not moved co-axially, the mutual impedance signal follows the trend that the shortest distance between the transmitter and the receiver, the signal is largest. And hence, either the co-axial movement or the arc-path movement, the mutual impedance can be used as an inductor for biomechanical signal monitoring. One point should be noted is that, in real applications, the EM sensors cannot be moved exactly along co-axial path or arc-path, but these simulations results validate the feasibility that the EM sensing techniques can be used as an alternative method for biomechanical movement detection.
III. EXPERIMENTS
Experiments were carried out to show the application of the EM sensors for biomechanical signal detection. The instrument used is a customised high-speed EM testing instrument based on FPGA (Field Programmable Gate Array), which is able to operate from 5 kHz to 2 MHz, perform digital demodulation at the rate of 100 k/second and features an Ethernet communication to PC as shown in Fig. 6 . The excitation coil was driven by an alternating current ∼48 mA rms. For the detection coil, the signal was amplified by a PGA (Programmable Gain Amplifier) with a specific gain, which was 4 in this work, and then fed into an analogue to digital converter (ADC). The amplified voltages on the pickup coil were then acquired and recorded by a host PC. The instrument has been demonstrated to provide an SNR (Signal to Noise Ratio) of > 90dB.
A. Co-Axial Movement and Arc Movement Experiments
Initial experiments were carried out to validate the simulation carried out in Section II.B. For co-axial movement, the transmitter is fixed, and the receiver is moved co-axially. The centre-to-centre distance between the transmitter and the receiver is from 0.5 mm to 5 mm with a step of 0.5 mm and from 5 mm to 10 mm with a step of 1 mm. The measured data for co-axial movements is shown in Fig. 7(a) ; the curve of the measured mutual impedance signal is normalised by the maximum value among the recorded amplitude values. It can be seen that the value of the mutual impedance signal is the largest when the centre-to-centre distance is the smallest and it decreases with the increase of the distance, which has a similar trend as simulations. For the movement along an archpath, the sensor was moved from 0 • to 90 • with a step of ∼8 • . The measured normalised data are presented in Fig. 7(b) . The experimental curve has the same trend with the simulated curve -the signal is largest when the two EM sensors are closest.
B. Monitoring Eye Blinking Behavior
The designed wearable EM sensor for blinking monitoring is shown in Fig. 9(a) , which consists of a wearable glass, two wearable false eyelashes with EM sensors attached on it, and one Ethernet cable to connect to the EM instrument. With such a low-cost wearable design, the EM sensing for eye blinking monitoring can be easily performed. These two EM coils have identical parameters; the outer radius, the inner radius and the height of the coil are 0.25 mm, 0.1575 mm, and 1 mm respectively. The thickness of the wire of the coil is 0.03mm, and the turn of the coil is 100. Fig. 9 (b) presents a photo when the EM system is worn. One coil is attached to the upper eyelid through a false eyelash, and the other coil is attached to the lower eyelid through another false eyelash. With such design, the false eyelash is directly contact with the eyelid but there is no direct contact between coils and human body. The relative movement between the upper and lower eyelids results in the relative movement between the attached coils which forms the EM sensor.
The experiment is to monitor the alternating progress of fast blinking and slow blinking; fast blinking for 5 seconds, and then slow blinking for 25 seconds. The whole sampling period is 1 minute. The measured data is shown in Fig. 9 , the moment of eye closing during blinking has a peak signal since the coils (EM sensor) are closest. Therefore, fast blinking has denser peak signals while slow blinking has looser peak signals. In addition, the amplitude of the fast blinking signal is larger than that of the slow blinking signal, which is due to the fact that the fast blinking behavior involves in a stronger muscle movement than the slow blinking behavior; in other words, the coils are closer under fast blinking. From 10s to 30s, there are 8 blinks, which means the slow blinking has an average frequency of 0.4 Hz. Similarly, from 36.5s to 40s, there are 15 blinks, which means the fast blinking has an average frequency of 1.1 Hz. Apparently, by setting an appropriate threshold for the blink frequency/blink amplitude, fast and slow blinking can be distinguished. For different people, a baseline can be established with a preliminary experiment to determine the specific threshold.
C. Monitoring Finger Bending Behavior
The reason for monitoring the finger bending behavior is due to the fact that increasing number of people is suffering from carpal tunnel syndrome. An EM sensor has been designed to be wearable for finger bending monitoring as shown in Fig. 10 ; two coils are attached on a rubber glove at the position of the finger joint of the index finger. The reason for choosing this finger is that index finger is used very often in daily lives, such as clicking mouse. Fig. 10 presents four finger-bending status, non-bending, slight bending, middle-level bending and full bending. At different bending status, the distance between the EM coils is different. And hence, the mutual impedance signal at different bending status should be different. The experimental setup for the finger bending monitoring is to monitor the alternating progress of fast finger bending and slow finger bending: bending the finger slowly for ∼25 seconds, then bending the finger quickly for ∼10 seconds, holding for ∼10 seconds, and quickly bending for ∼5 second, and holding for ∼10 seconds. The whole recording period is ∼1 minute. The recorded data for monitoring finger bending is shown in Fig. 11 . The signal fluctuates around 0 during full bending and arrives to a peak at the moment of non-bending. From this figure, during the first 30 seconds, the finger was bent slowly for 5 times, and hence the average frequency of the slow bending is roughly ∼1/6 Hz. During 31s to 41s, the finger was bent quickly for 15 times, corresponding to an average frequency of ∼1.5 Hz. One point should be noted is, these experiments were carried out with keeping each time's finger bending consistent as much as possible, in other words, the finger was being bent within the same range. From Fig. 11 , the peaks of the recorded signals are around 2×10 −3 , except the signal in the blue circle because it is difficult to keep each time's finger bending exactly consistent. Another experiment was carried out with each time's finger bending randomly, i.e., the bending range of each time's finger bending was random. The whole recording period for such random bending is ∼90 seconds; the measured amplitude of mutual impedance signal versus time is shown in Fig. 12 , from which the fast finger bending occurs at 1s to 12s and the slow finger bending occurs at 12s to 40s, followed by a holding period for 10 seconds, and finally is a slow finger bending from 61s to 92s. Apparently, with such random finger bending, the peaks of the mutual impedance signal are random as well, which is different from the results of each time's consistent bending -the peaks are roughly the same. Therefore, not only the bending frequency, but also the bending level can be monitored with the designed wearable EM system.
D. Monitoring Wrist Bending Behavior
Similar to finger bending behaviour, the wrist bending behaviour was measured as well. The schematic of the designed wearable EM system for wrist bending monitoring is shown in Fig. 13 , from which the EM coils are attached on a glove at the position of the wrist joint. Fig. 13 (a) denotes the non-bending status, (b) denotes the upward bending and (c) denotes the downward bending. Different bending status are with varies relative positions of EM coils, which means the mutual impedance signals are different.
The experimental setup is to monitor the alternating progress of non-bending and upward/downward bending: nonbending for ∼5 seconds, and then bending up for ∼5 seconds, and so on. The whole recording period is ∼35 seconds, and the recorded mutual impedance signal versus time is shown in Fig. 14 (a) . There are four peaks around 0.008 , corresponding to 4 times upward bending. Therefore, the amplitude of the mutual impedance signal can be used as the indicator for bending frequency measurement. Another experiment for wrist bending monitoring with the wrist downward bending was carried out, and the results are shown in Fig. 14 (b) . The results show 5 times downward bending within ∼55 seconds.
The experiment with the combination of the wrist upward bending and the wrist downward bending was carried out. The experimental data are shown in Fig. 15 . From the recorded amplitude of mutual impedance signal, the wrist upward bending, non-bending, and the wrist downward bending can be distinguished clearly through defining an appropriate amplitude threshold. There are 5 times upward bending and 5 times downward bending respectively. If the non-bending status is defined as the balance status, the upward bending and the downward bending have opposite directions. Ideally, the amplitude of upward bending should same with that of the downward bending if the bending angles of upward bending and downward bending are the same. But in real applications, the amplitude of upward bending and downward bending are different, possibly because the EM sensors are not exactly attached at the centre of the wrist joint or the upward bending range and the downward bending range are not exactly the same. Despite this, through defining an appropriate amplitude threshold, the wrist bending level and the bending frequency can still be measured.
IV. CONCLUSION AND DISCUSSION
Medical diagnose is a hot topic, both for research and clinical applications. Early detection of the biomedical sign allows medical diagnose and the treatment to be more effective. This paper explores EM sensing to detect biomechanical movement, including eye blinking, finger bending and wrist bending. The wearable EM system based on EM sensors and wearable articles are designed, which makes it easy to perform and eliminate the need for direct contact between sensors and human body.
Theoretical models were set up to validate the feasibility of the proposed method. Both the co-axial movement behavior and the movement along an arc-path were studied, and the results indicate the distance between EM coils has an effect on the amplitude of the mutual impedance signal. More specifically, the closest EM coils corresponds to the largest amplitude of the mutual impedance signal.
Experiments are divided into four parts. The first part is to validate the simulations, and the results exhibit the same trend with simulations. The second experiment is to monitor eye blinking frequency. The designed wearable EM system for eye blinking monitoring is based on the EM sensor formed by two EM coils attached on the false eyelashes. The measured results indicate that the fast blinking and slow blinking behaviors can be clearly distinguished with the proposed method, and the measured blinking frequency is exactly the same with the real situations. In addition, the fast blinking results in a larger amplitude than that of the slow blinking because the fast blinking involves a stronger tissue movement compared to slow blinking. The third and fourth experiments are for finger/wrist bending monitoring. Measured results indicate that both the bending level and the bending frequency can be recorded in real time.
Overall, this paper proposes a novel method for biomechanical movement detection based on EM sensing techniques, and wearable EM systems are developed with the benefit of lowcost and easy to perform etc. Both simulations and measurement results indicate that the proposed electromagnetic sensing method can be used for biomechanical movement detection and the system has the advantages of being easy to put on / take off, and without the need for direct contact between sensors and human body. Future work will focus on more robust ways of attaching the EM sensors to false eyelashes, and more sophisticated algorithms for defining the threshold automatically for different patients. In addition, other biomechanical signal monitoring, such as the detection of pulse, heartbeat and eyerolling, will be attempted by combining the proposed electromagnetic sensing method and the technique of micro-electro-mechanical system as another future work. He is mainly working on developing finite-element method software to solve electromagnetic simulation, under the supervision of W. Yin. He has expertise in modeling magnetic induction effects, and a finiteelement method solver software was built to simulate the multifrequency electromagnetic Eddy current for both linear and nonlinear geometry and material properties, including microstructure.
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